The "hammerhead" RNA self-cleaving domain can be assembled from two RNA molecules: a large (-34 nucleotide) ribozyme RNA containing most of the catalytically essential nucleotides and a small ('13 nucleotide) substrate RNA containing the cleavage site. Four such hammerheads that contained identical catalytic core sequences but differed in the base composition of the helices that'are involved in substrate binding had been reported to vary in cleavage rates by more than 70-fold under similar reaction conditions. 
that the secondary structure'of substrate RNA can be a major determinant of hammerhead catalytic efficiency.
The RNA genomes ofcertain plant viroids and virusoids were discovered to be capable of spontaneous cleavage at a unique location in a reaction that generates monomeric genomes following rolling circle replication (1) (2) (3) . Comparison of several self-cleaving RNA sequences led to the identification of a consensus secondary structure, termed the "hammerhead," containing 11 conserved nucleotides at the junction of three helices'that are precisely positioned with respect to the cleavage site (4) . A hammerhead of <60 contiguous nucleotides was found to be sufficient for rapid cleavage in the absence of'protein (5) (6) (7) . Although the hammerhead is normally formed from sequences within a single molecule, it can be assembled from two RNA molecules of approximately equal size that associate by base pairing (8) . The domain can also be assembled from a larger ribozyme RNA containing most ofthe conserved nucleotides and a small substrate RNA containing the cleavage site (9) (10) (11) . Hammerhead domains of this latter type have been designed so that the ribozyme associates with a larger target RNA to cleave a specific sequence, acting in a fashion analogous to DNA restriction endonucleases (9, 11) .
Four hammerhead sequences were found to cleave at velocities that varied over 70-fold under similar reaction conditions (10) . These hammerheads contained all the conserved nucleotides but differed in the sequence of the intermolecular helices formed upon substrate binding. Here we examine the kinetics of cleavage for several hammerhead sequences to characterize the reaction mechanism and explore how nucleotides involved in substrate binding affect cleavage. Results of these experiments led us to evaluate how secondary structures of hammerhead constituents influence reaction kinetics. Understanding the constraints imposed on hammerhead catalysis by helix base composition should assist in the design of ribozymes employed as endonucleases for the cleavage of specific target RNAs (9, 11 Fig. 1 are composed of a large RNA, or ribozyme, containing most ofthe nucleotides thought to comprise the catalytic core and a small substrate RNA containing the cleavage site. These hammerheads contain the same nucleotides at the junction of the helices but differ in the sequence of the intermolecular helices generated by substrate binding. A minimal hammerhead reaction mechanism includes assembly and catalysis followed by the exchange of cleavage products for intact substrate. A priori, the effect of helix base composition of hammerhead catalytic efficiency might result from an influence on Kd, the rate of cleavage chemistry, or the rate of product dissociation.
Cleavage rates were measured during the first few turnovers to help identify which step in the cleavage mechanism might be rate-determining and to define conditions appropriate for steady-state measurements (Fig. 2) . A lag in the initial turnover might indicate a requirement for a slow conformational change upon substrate binding before accumulation of an active hammerhead complex. A rapid initial turnover might indicate that product dissociation was rate-determining. For hammerheads 8 and 9 , no rate inflections were observed during the approach to steady state. Rates extrap- (Fig. 4) (Fig. 4) . Since electrophoresis. Only heating to 95°C in the presence of rom the uncut portion EDTA or purification on a denaturing gel (Fig. 4) greater potential for hydrogen bonding in the aggregates, relative to the hairpin, could account for their greater stability and resistance to cleavage.
In the light of this evidence regarding the structural heterogeneity of hammerhead substrate RNAs, we were curious about the behavior of ribozymes on nondenaturing gels. When the four ribozymes are subjected to gel electrophoresis under nondenaturing conditions, they all migrate as single species at the concentrations used for kinetic analyses. At concentrations of ribozyme 6 above 100 nM, however, multiple species of lower mobility were observed, suggesting aggregation. Alternate conformations of ribozyme RNAs probably contribute little to variation in cleavage kinetics since they are structurally homogeneous at the concentrations used for kinetic analyses. DISCUSSION Seventy-fold differences in cleavage rates have been reported among hammerhead sequences that contain identical nucleotides at the active site but differ in the base composition of the helices generated by the binding of the substrate to the ribozyme (10 tentially alter active site geometry indirectly through altered stacking (18) , this effect appears to be small, perhaps accounting for the <2-fold differences in kcat values. An alternative explanation for the slight variation in k,,at values is that the specific activities ofthe ribozymes differ slightly, perhaps due to the presence of inactive conformations that were not detected by nondenaturing gel electrophoresis. NMR spectra have shown considerable differences in the structural complexity of several ribozymes (26) . It is quite possible that the rate-determining step will be different for different hammerhead sequences. Hammerheads with more stable helices are likely to be limited by rates of product dissociation. This would explain much lower values of kcat (_10-2 min-') reported for hammerheads with products bound in 7-base-pair helices (19) . The variation in Km values among hammerheads appears to result from the propensity of some substrate sequences to form structures that are incompatible with hammerhead assembly. If these structures can equilibrate with cleavable structures during the course of the reaction, as appeared to be the case for the monomeric conformation of substrate 10, high concentrations of RNA will be required to drive complex formation, resulting in a correspondingly high Km for the reaction. Some structures of substrate 10 were so stable that they failed to exchange into cleavable substrates on the time scale of the reaction and were essentially inert. The ability of RNA to adopt stable conformations incompatible with hammerhead assembly probably accounts for the low extents of cleavage and the stimulation of cleavage by heating and cooling that have been reported for several hammerhead sequences (20) .
Values of kcat of -1 min-1 and Km values in the nanomolar range are characteristic of most RNA endonucleases including the Tetrahymena intervening sequence (IVS) (21) , the hairpin catalytic domain of the negative-strand satellite RNA of tobacco ringspot virus (22) , and the RNA component of RNase P (23) . Because these reactions occur by different mechanisms (24) , with product dissociation being ratedetermining for the IVS reaction in RNA substrate excess (D. Herschlag and T. Cech, personal communication) and for RNA-catalyzed cleavage of precursor tRNA (25) , the similarity in catalytic efficiency may be little more than a striking coincidence.
Kinetic and structural characterization of these simple hammerheads point to two considerations that should be relevant to the design ofribozymes as endonucleases directed against specific target mRNAs. First, helix length and base composition will probably determine how well a particular ribozyme will function catalytically under physiological conditions. If very stable helices are generated in the binding of the ribozyme to the target RNA, the rate of product dissociation will decrease to become rate limiting and perhaps slow enough to prevent multiple turnover. The second factor contributing to catalytic efficiency is the secondary structure of the target RNA. Sequestering of the target sequence in a stable secondary structure that is incompatible with hammerhead domain assembly can greatly increase the concentrations required to achieve maximum cleavage rates. At worst, stable target structures may fail to assemble into the hammerhead domain altogether and may remain completely resistant to cleavage. Characterization of cleavage reactions with nucleoprotein targets and physiological ionic conditions will be required to determine the extent to which these constraints affect the efficiency of hammerhead inactivation of target mRNAs in living cells.
